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bstract
urface treatments of silicon carbide have been investigated with the aim of improving the strength of the bond between the ceramic and an epoxy
dhesive. Three surface conditions have been characterised; as-fired, air re-fired and KrF laser processed. A number of characterisation techniques
ave been used to determine the morphological and chemical changes that have occurred to the surface. Scanning electron microscopy of the
e-fired and laser processed samples showed surfaces that appeared glassy, with the laser processed surface showing a different morphology. X-ray
hotoelectron spectroscopy indicated both treatments had oxidised the surface and the laser processed surface also had a greater concentration of
ydroxyl groups. The wettability of both surfaces had improved and the laser processed surface was found to be highly hydrophilic. Mechanical
esting of joints prepared with this technique showed them to have the highest strength in tension, with the locus of failure being cohesive.
 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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t.  Introduction
Ceramic based armour systems feature increasingly on mod-
rn armoured vehicles. The main benefit of these systems is that
hey combine a high resistance to penetration with a low density.
hese features are ideal for armour. However, a major disad-
antage of these systems is the reduced multi-hit performance
ompared with metallic based armour.
Ceramic armour typically comprises a ceramic front strike
ace, which is adhesively bonded to a composite or metal back-
ng. A ballistic impact leads to a compressive stress wave being
ransmitted through the ceramic to the back face of the ceramic.
n reaching the free surface, the wave is reflected, leading to
 tensile stress in the ceramic, which is the main cause of the
ailure of the ceramic by fracture. The intensity of the reflected
 This is an open-access article distributed under the terms of the Creative
ommons Attribution License, which permits unrestricted use, distribution
nd reproduction in any medium, provided the original author and source are
redited.
∗ Corresponding author at: Lockheed Martin UK, Reddings Wood, Ampthill,
edfordshire MK45 2HD, UK. Tel.: +44 01525 843514.
E-mail address: A.Harris@Surrey.ac.uk (A.J. Harris).
o
i
o
i
w
t
s
m
h
t
a
955-2219/$ – see front matter © 2013 The Authors. Published by Elsevier Ltd. All r
ttp://dx.doi.org/10.1016/j.jeurceramsoc.2013.05.026tress wave is dependent on the amount of energy that can be
ransmitted to the adhesive layer,1 which in turn depends on the
coustic impedance of the adhesive.1
The two main adhesive systems used with ceramic armour
ystems are polyurethane and epoxy. The impedance mismatch
etween polyurethane and ceramic is greater than for epoxy
nd ceramic.1 Using epoxy results in a 13-fold increase in the
mount of energy transmitted from the ceramic to the adhe-
ive and hence the ceramic is less likely to fail.1 However,
he ability of the adhesive to absorb energy is only of prac-
ical benefit if the ceramic remains bonded to the backing;
he adhesive must not fail and hence polyurethane is preferred
ver epoxy currently as it is less likely to fail. If the bond-
ng between ceramic and epoxy could be improved then not
nly would the ceramic be more likely to survive a ballistic
mpact because of the reduced intensity of the reflected stress
ave, but also a stiff adhesive such as epoxy would reduce
he bending of the ceramic during the impact. A further con-
equence of reducing the effect of a single impact might be a
ove towards an armour that is capable of withstanding multiple
its. Thus, there are many attractions to developing a technique
o improve the bond strength between a ceramic and an epoxy
dhesive.
ights reserved.
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Previous research on alumina showed that preparing the sur-
aces to be bonded by using a laser treatment led to an increase
n the number of hydroxyl groups on the ceramic surface and an
ncrease in the adhesive bond strength.2 Thus, it is hypothesised
hat increasing the number of hydroxyl groups on the surface of
ilicon carbide would also lead to an improvement in the strength
f the bond between the ceramic and an epoxy adhesive. In this
nvestigation this hypothesis is tested by using two methods to
hange the surface chemistry of silicon carbide and then inves-
igating the effects of those treatments on the strength of tensile
nd shear joints made using an epoxy adhesive.
.  Experimental  methods
.1.  Silicon  carbide  samples
Solid state sintered silicon carbide (Sicadur F) tiles were sup-
lied by Ceramtec ETEC GmbH. The as-received tiles were
sed as control samples with no additional processing other
han to clean the surface using a solvent wipe prior to material
haracterisation and adhesive bonding experiments.
In an attempt to increase the native surface oxide, samples
f silicon carbide were refired in air at 1100 ◦C for 1.5 h.3 All
amples were cleaned prior to adhesive bonding. In order to
easure the surface contamination caused by this technique a
re-cleaned sample was characterised using X-ray photoelectron
pectroscopy.
Laser ablation was performed on a third set of samples using
 248 nm krypton fluoride ultra violet excimer laser. The laser
as traversed across the surface. To obtain an even coverage each
aster overlapped the previous by half the width of the laser spot.
he intent of this technique is to oxidise4 and possibly introduce
ydroxyl groups2 to the surface.
.2.  Characterisation  of  ceramic  surfaces
A Hitachi 3200 N scanning electron microscope was used
ith a secondary electron detector and a backscattered electron
etector at an acceleration voltage of 25 kV. All samples were
oated with ∼3 nm of sputtered gold prior to characterisation.
X-ray photoelectron spectroscopy was performed using a
G ESCALAB mk II–XPS using a non-monochromated Al K
ource. Using the Al K  source there was a depth of analysis
f 5–6 nm. At least two measurements were taken in separate
ocations on each of the surfaces that were analysed. The data
ere referenced to carbon at 285 eV. The data were then peak
tted to determine the silicon carbide and oxide atomic concen-
ration using the silicon peak. The oxygen peak was also peaked
tted to determine the atomic concentration of the hydroxyl
roups.
The sessile drop technique was used to measure the surface
ettability and energy. A computer controlled syringe with a
amera perpendicular to the surface was used to determine the
ontact angle of the liquid on the surface. Distilled water and
lycerol were used to determine the surface energy using the
wens and Wendt method.5
3
neramic Society 33 (2013) 2925–2934
.3.  Mechanical  testing  of  joints
Epoxy – silicon carbide joints were prepared to measure the
ensile and shear strength of the bond. The epoxy, which com-
rised two resin components and one hardener, was provided
y Resiblend PLC. The product is referred to as ESK T + ESK
V2 + ESK LVH2.
The control sample required only cleaning prior to bonding.
leaning was carried out using a solvent wipe of methanol and
hen isopropyl alcohol to remove any residue. The refired sample
as also cleaned using the same method after refiring. For the
aser processed sample only the face that was in contact with the
poxy was processed. The whole sample was cleaned prior to
aser processing.
The butt joint for measuring tensile strength required two
ieces of silicon carbide with a 0.5 mm epoxy layer bond-
ng them together. The joints were visually inspected prior to
echanical testing to determine that the adhesive had covered
he entire joint face. A schematic diagram of this joint is shown
n Fig. 1. The experiments followed ASTM standard D2094-00
or the preparation of bar and rod specimens for adhesion tests.
he joints were tested at a rate of 1.0 mm per minute. At least
 samples of each surface type were prepared for mechanical
esting.
Joints were also prepared for measuring the strength in
hear. The experiments followed ASTM standard D3528-96, the
tandard test method for determining the strength of double lap
hear adhesive joints under applied tensile loads. The set-up for
his joint is shown in Fig. 2.
All joint samples were mechanically tested to failure using an
nstron 8800 testing machine with a 50 kN load cell. The load
easurement uncertainty had been confirmed by certification
o be 0.22% for loads 20–100% (10–50 kN) of the load cell
ange. At least 6 samples of each surface type were prepared for
echanical testing.
After testing, some fracture surfaces from both tensile and
hear testing were observed using SEM, with a view to identi-
ying the failure locus of the joints.
.  Results  and  discussion
.1.  Observations
The as-received silicon carbide samples were a dark glossy
rey colour, Fig. 3(a). Following refiring in air the appearance
hanged to a glossy blue colour, Fig. 3(b). Laser processing
roduced a surface that had silver and black stripes, Fig. 3(c).
During laser processing of the sample it was noticed that a
lasma was created. This suggests that the energy supplied to the
urface was sufficient to cause decomposition. Silicon carbide
as been assumed to decompose at temperatures greater than
750 ◦C.6.2.  Scanning  electron  microscopy
Three samples of silicon carbide were analysed using scan-
ing electron microscopy; control, refired and laser processed.
A.J. Harris et al. / Journal of the European Ceramic Society 33 (2013) 2925–2934 2927
Fig. 1. A schematic diagram of the bonded butt joint including bonded aluminium tabs that will aid the gripping in the mechanical testing machine.
Fig. 2. A schematic diagram of the double lap shear joint including bonded aluminium tabs.
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bFig. 3. Photographs of (a) control, (b) refire
he control sample was as-fired and no further processing
as carried out. A micrograph of the surface is shown in
ig. 4(a). As well as grains of silicon carbide there are regions
f increased porosity which are consistent with the formation of
gglomerates in the initial powder that have not broken down
ompletely in subsequent processing.
A refired sample was produced using the control silicon car-
ide and refiring at 1100 ◦C for 1.5 h in air. A micrograph of
he sample surface is shown in Fig. 4(b). Refiring the sam-
les caused a change to the microstructure. As expected, the
urface appears to have formed a glassy layer resulting in less
ronounced grains. A micrograph of the refired surface is shown
n Fig. 4(b).
Initial characterisation of the effect of laser processing con-
entrated on a single line pass with the laser. As the laser
raversed along the sample it appeared to melt the surface then
isplace material forwards and out to the side. This results in
ong strands of material on the surface that terminate at the edge
f the laser spot. There is also an area outside of the laser spot that
hows a distinct difference from the rest of the un-exposed sur-
ace (a heat affected zone (HAZ)). The effect of laser processing
n the surface is shown in Fig. 5.
As the supplied energy across the laser spot reduces towards
he edges (due to a Gaussian energy distribution) it is necessary
o overlap each pass of the laser in order to process an entire sur-
ace. The effect of this on the surface is shown in the micrographs
n Fig. 6. It was observed with the single pass that the surface had
een molten and that material had been displaced. By traversing
he laser first one way then back in the opposite direction with
n overlap with the first pass, the displacement of the surface
s changed with the long strands of material being replaced by
s
m
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w
Fig. 4. Micrographs of the control silicon carbide surface  (c) laser processed silicon carbide surface.
rotruding mounds (Fig. 6) and the surface morphology appears
niform across the laser treated area.
.3.  X-ray  photoelectron  spectroscopy
X-ray photoelectron spectroscopy was carried out on the con-
rol, refired and laser processed samples, with a focus on the
ilicon and oxygen content of the surfaces. Following acqui-
ition, peak fitting allowed the oxide (Fig. 7(a)) and hydroxyl
roup concentration (Fig. 7(b)) to be quantified. The peak fitted
esults from the XPS are shown in Fig. 7.
The control surface shows that silicon and a small amount of
xygen are present in the surface (Fig. 7(a)). A very small peak
onsistent with the presence of hydroxyl groups was also found
Fig. 7(b)). Analysis of the refired sample showed a large silicon
eak and also a large oxygen peak. This is consistent with the
xidation of silicon; note that the silicon peak has also shifted
o a higher binding energy (when compared with the control)
hich is a characteristic of a change in bonding.
Analysis of the laser processed surface found a number of
eaks for both silicon and oxygen. The silicon peak is consistent
ith only an oxide, and no carbide, being present in the surface.
he oxygen peak was large and shows components that can be
ttributed to the presence of oxide, hydroxyl and a small amount
f H2O. It is suggested that the surface energy of the sample may
e elevated.
The atomic concentrations measured from XPS analysis are
hown in Table 1. The results show the atomic percentage
easured for the control, refired and laser processed samples
aken from the silicon and oxygen peaks. The control sample
as found to be silicon carbide with a small amount of oxide
(a) control and (b) refired in air at 1100 ◦C for 1.5 h.
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Fig. 5. Micrographs of the laser processed silicon carbide after a single pass with the laser.
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uncertainties it can be concluded that this sample had a highFig. 6. Micrographs showing the laser process
etected. The refired and laser processed sample showed no
ilicon carbide present, instead the surface was found to be
xidised. The hydroxyl groups were also quantified and were
reatest for the laser processed sample. This shows that the laser
rocess causes a distinct chemical difference to the surface in
omparison with simply refiring the sample.To determine the
ffect of these chemical changes to the wettability of the sur-
ace the sessile drop technique was used. The most distinctive
hange in the chemistry was observed on the laser processed
ample surface. The hydroxyl groups suggest an increase in the
urface energy and this may lead to an improvement in the adhe-
ive bond strength. The surface energy has been broken down
nto polar (acid-base) and dispersive (Van der Waals forces)
able 1
he carbide, oxide and hydroxyl concentration for each processed sample
urface.
Silicon carbide (at.%) Oxidised silicon (at.%) Hydroxyl (at.%)
ontrol 29.9 2.5 1.0
efired 0.0 32.0 0.0
aser 0.0 35.8 50.1
s
p
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Licon carbide surface after overlapping passes.
omponents using Owens and Wendt’s method.5 The results are
hown in Table 2. It was found that refiring and laser processing
ncreased the wettability and surface energy of the surface.
he laser processed sample demonstrated the greatest improve-
ent in wettability. In many instances a contact angle could
ot be measured for the sample indicating that it was below
he limit of the apparatus (7◦), so the stated value of 10◦ is
n over-estimate, as it is an average of the values that could
e recorded and ignores part of the data set. Despite theseurface energy with the major contribution coming from the
olar component. If the silicon carbide behaves in the same way
able 2
ontact angle and surface energy for each surface preparation technique.
ample Contact angle (◦) Surface energy (mJ m−2)
Water Glycerol Polar Dispersive Total
ontrol 84 ± 1 67 ± 1 3 38 41
efired 41 ± 2 41 ± 1 47 10 57
aser 10 ± 1 24 ± 1 71 7 78
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3Fig. 7. Peak fitted XPS spectra showing the (a) silic
s alumina then it is predicted that the laser processed surface
s expected to demonstrate the greatest improvement in adhe-
ive bond strength.2 The refired sample also demonstrated an
ncreased wettability and hence surface energy over the control,
hich indicates this may also have an improved adhesive bond
trength.7
r
h
id (b) oxygen analysis for each surface preparation.
.4.  Quasi-static  mechanical  testing  of  joints
Mechanical testing was carried out in tension and shear. The
esults are shown in Table 3. In tension, the control surface
as poor adhesive bond strength and the refired sample had an
mproved strength (18% higher). Laser processing improved the
A.J. Harris et al. / Journal of the European Ceramic Society 33 (2013) 2925–2934 2931
Fig. 8. A micrograph of the failed (a) control and (b) refired samples tested in tension.
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cig. 9. Two micrographs showing the alternating crack surface of the failed las
trength by 109%. In shear, the refired and laser processed sam-
les demonstrated high bond strength. The failure of the joint
as from failure within the ceramic and not from failure of the
dhesive layer.Observation of the failed tensile joints using the
ontrol and refired surfaces with scanning electron microscopy
onfirmed a lack of adhesive bonded to the surface, Fig. 8. There-
ore the failure was concluded to be at the interface between the
dherend surface and the adhesive.
It was found that the failed tensile laser processed joint sur-
ace was entirely covered by adhesive but some areas were
able 3
echanical testing results for each surface preparation.
ample Tensile strength (MPa) Shear strength (MPa)
ontrol 11 ± 1 6 ± 1
efired 13 ± 2 31 ± 2
aser 23 ± 2 28 ± 1
e
g
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Fcessed tensile joint, (a) a thin layer of adhesive), (b) a thick layer of adhesive.
hinner than others. During scanning electron microscopy the
dhesive layer was thin enough to allow electrons to pass through
t and some of the features of the ceramic surface were par-
ially visible, Fig. 9(a). Other areas of the surface had a thick
ayer of adhesive, Fig. 9(b). The failure was confirmed to be
ohesive.
Examining the failed shear control joint surface with scanning
lectron microscopy (Fig. 10) it was found similarly that the
rains were exposed and no evidence of the adhesive layer was
ound. This confirms the failure was located at the interface
etween the adhesive and the silicon carbide surface.
The failed shear joints for both the refired and laser processed
urfaces failed cohesively in the ceramic. A small area of
he laser processed surface was left behind after the fail-
re. This was analysed using scanning electron microscopy.
t was found that this area had a thin layer of adhesive. This
educes the pronounced features of the laser processed sur-
ace and also shows some cracks in the thin adhesive layer,
ig. 11.
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Fig. 10. A micrograph of the silicon carbide surface from the failed control
double lap shear joint.
Fig. 11. A micrograph showing a thin layer of failed adhesive on top of a laser
processed silicon carbide surface.
Fig. 12. Polar, dispersive and total surface energy for each sample shown with the corresponding tensile strength.
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3 Yamamoto T, Hijikata Y, Yaguchi H, Yoshida S. Oxide growth rate enhance-
ment of silicon carbide (0 0 0 1) Si-faces in thin oxide regime. Jpn J Appl
Phys 2008;47(10):7803–6.A.J. Harris et al. / Journal of the Europ
The failure of the double-lap joint within the ceramic mate-
ial will be promoted by the stress concentration associated with
his test geometry. This limits the achievable shear stress in the
dhesive at joint failure, in contrast to the butt joint test where the
est gives a better measure of the adhesive/interface strength. The
se of a different shear geometry, such as the asymmetric 4 point
ending test defined in ASTM C1469-10, has been proposed in
ther research.8 The reduced stress concentration and more uni-
orm adhesive shear stress in this geometry might enable the
erformance of the refired and laser processed surfaces to be
istinguished. Despite the limitations of the double-lap shear
oint, the results still show that the refired and laser treated
urfaces perform significantly better within a joint than the con-
rol.
It was found that the adhesive bond strength increased
ith contact angle and surface energy, see Fig. 12. For the
amples tested in shear the failure loci of the refired and laser
rocessed joints was found to be in the ceramic and so the results
ppear to plateau as the strength of the ceramic is exceeded.
n particular the polar component of the surface energy shows
 correlation with the bond strength. These data support the
ypothesis from previous work2 in which it is postulated that
he surface is more likely to undergo hydrogen bonding with
he adhesive when the surface has a greater polar surface
nergy. More specifically, there is a greater opportunity to bond
ith the epoxy when there are more hydroxyl groups on the
urface.9
.  Concluding  remarks
Silicon carbide was processed by refiring in air and
aser processing. Both techniques caused morphological
nd chemical changes to the surface. The effect of these
hanges on the adhesive bond strength to epoxy was investi-
ated.
Refiring silicon carbide in air at 1100 ◦C for 1.5 h resulted in
n oxidised, glassy surface. It was also found that these changes
mproved the wettability through increased surface energy. The
olar component of the surface energy was increased signif-
cantly and this is attributed to the oxidation of the surface.
echanical testing showed that the adhesive bond strength was
mproved in both tension and shear over that found for the control
amples.
Laser processing of the silicon carbide resulted in a rough-
ned and oxidised surface. The hydroxyl group concentration
as found to be much greater than for the other samples. This
esulted in the greatest increase in the wettability and surface
nergy. The adhesive bond strength in tension demonstrated a
ohesive failure of the adhesive layer which shows the max-
mum bond strength was achieved. In shear the strength was
ignificantly improved for both refired and laser processed sam-
les. The resulting failures were cohesive, but this time in the
eramic.
The observed differences between the loci of failure in the butt
oints and shear joints, for both the refired and laser treated sam-
les, indicate that the butt joint provides a more useful measureeramic Society 33 (2013) 2925–2934 2933
f adhesive/interface strength. The (tensile) data from the butt
oints show that the laser processed samples are stronger than
oth the control and the refired samples. Although the refired
nd laser treated samples exhibited a significant improvement
n shear strength when compared to the control sample, the
remature failure of the ceramic adherend meant that it was
ot possible to distinguish between the two treatments in this
est.
In conclusion, an increased adhesive bond strength had been
ttributed to a chemical change and in particular the increase
n the number of hydroxyl groups that resulted from laser
rocessing. It is hypothesised that the increase in the concentra-
ion of the hydroxyl groups has allowed more hydrogen bonds
o form between the adhesive and the ceramic surface, which
as in turn lead to an improvement in the strength of the joint
uch that it is limited by the strength of the ceramic or epoxy but
ot the interface. A similar finding was hypothesised with previ-
us work using a similar processing technique for alumina. The
xperimental results showed that the hydroxyl concentration
ad led to an increase in the surface energy which had caused
n increase in the strength of the adhesive joints. To further
his research ballistic testing is needed to establish that the
enefits seen in quasi-static mechanical testing are realised in
ractice.
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